Collectively, the results presented here and elsewhere indicate that ethylene regulates the sensitivity of the cells in the abscission zone to the more direct actions of the gas (e.g., enzyme induction, secretion) by reducing auxin transport.
abscission and a reduced capacity to transport auxin; but when returned to air, auxin transport gradually increased and abscission ceased. (b) Ethylene-induced abscission and auxin transport inhibition show similar sensitivities to temperature. A 24-hour exposure of cotton plants to 14 ul/1 of ethylene at 8 C resulted in no abscission and no significant inhibition of auxin transport. Increasing the temperature during ethylene treatment resulted in a progressively greater reduction in auxin transport with abscission occurring at 527 C where auxin transport was inhibited over 70%. (c) Auxin pretreatment reduced both ethylene-induced abscission and auxin transport inhibition. No abscission occurred, and auxin transport was inhibited only 18% in cotton plants which were pretreated with 250 mg/l of naphthalene acetic acid and then placed in 14 uA/l of ethylene for 24 hours. In contrast, over 30% abscission occurred, and auxin transport was inhibited 58% in the corresponding control plants.
Collectively, the results presented here and elsewhere indicate that ethylene regulates the sensitivity of the cells in the abscission zone to the more direct actions of the gas (e.g., enzyme induction, secretion) by reducing auxin transport.
Ethylene has long been recognized as a potent accelerator of abscission, and recent evidence (11, 24) supports the view held by earlier workers (18, 21) that it may also function in natural leaf abscission. Studies with abscission explants clearly indicate that ethylene is involved in stimulating the production of hydrolytic enzymes in the abscission zone (1, 2, 23, 33) and in the regulation of their secretion into the cell wall (4) . Because of the ineffectiveness of ethylene to promote such effects in freshly cut abscission explants, the concept evolved that a certain physiological state, brought about by aging of ' Central Research Department Contribution No. 2009 . explants or perhaps natural senescence, is a prerequisite for ethylene action in the abscission zone (see "Reviews" 1, 15) . This concept and the fact that auxin applied to mature plants (21) or explants (15, 29) generally retards or prevents ethyleneinduced abscission formed the basis of the aging ethylene hypothesis of foliar abscission of Abeles (1) . This hypothesis suggests that the cells in the separation layer are insensitive to ethylene as long as a supply of juvenile hormones (e.g., auxins, cytokinins) is available at the abscission zone. Recently (3, 11) , this hypothesis was extended to include a role for ethylene in the aging phenomenon. Based on results with intact plants, Beyer and Morgan (11) proposed that ethylene added exogenously or that produced naturally by the senescing leaf enhanced the sensitivity of the cells in the separation layer to ethylene by reducing the auxin concentration at the abscission zone through a reduction of auxin transport. Once the endogenous auxin level in this zone reaches a certain critical low level ethylene then exerts its more direct effects in the cell separation layer.
This paper presents evidence, in addition to that already published (7, 11, 31) , suggesting that the reduction of auxin transport by ethylene is an important part of ethylene-regulated abscission.
MATERIALS AND METHODS Plant Culture. Cotton (Gossypium hirsutum L. cv. Stoneville 213) plants were grown in a controlled environmental growth room (2000 ft-c, 14-hr photoperiod, relative humidity 56% night and 50% day, temperature 27 ± 1 C day, 21 ± 1 C night) in plastic pots containing Jiffy-mix (Jiffy Products of America, West Chicago, Ill.) and were watered daily.
Reversibility Experiments. Intact 20-, 23-, or 25-day-old cotton and 9-or 10-day-old bean plants were placed in two large chambers of Lucite acrylic sheeting of 320-liter capacity (internal environmental conditions: 1600 ft-c, 14-hr photoperiod, relative humidity 75% day and 55% night, temperature 28.5 + 1 C day, 21 + 1 C night). One chamber was purged at a constant flow rate of 8.5 liters/min with 14 ,t1/l of ethylene while the other was purged with air (<5 nl/l ethylene). After 24 or 48 hr, half the plants in the ethylene chamber were transferred to the air chamber. Auxin transport capacity and abscission were measured at periodic intervals throughout the experiment as described below.
Auxin transport was measured in 5-mm petiole sections cut from the base of the petiole of the third true leaf of cotton (average petiole length, 3.2 cm; average leaf width and length, 8.5 and 8.1 cm, respectively) and in 5-mm stem sections cut from directly below the node of this leaf. In bean, auxin transport was measured in 1.9 mm sections cut from the distal pulvinar region of the primary leaf and included only pulvinar Plant Physiol. Vol. 52, 1973 tissue. Stem sections of the same length were also taken from directly above the node of the primary leaves. In all cases, petiole sections were taken from only those leaves still attached to the plant.
The classical donor-receiver agar cylinder technique was used to measure auxin transport capacity (8) . The donor agar cylinders contained 2 uM naphthalene acetic acid-1-"C with a radiochemical purity of 97.3% as determined by paper chromatography (20) and liquid scintillation counting of the paper chromatogram (19) . Sections were allowed to transport auxin for 4 dark exposure period at temperatures ranging from 8 to 31.5 C, the plants were removed, and abscission and auxin transport were measured as described above. Two separate experiments of this type were conducted. A 24-hr exposure of intact plants to temperatures ranging from 8 to 31.5 C had no significant effect on the subsequent transport of auxin using the classical donor-receiver agar cylinder technique (i.e., the sections cut from the control plants transported similar amounts of auxin during the 4-hr transport period at 30 C irrespective of the pretreatment temperature.) Therefore, measuring transport capacity at a constant temperature rather than at the temperaure of ethylene treatment avoided the complicating effect of temperature on auxin transport per se.
Auxin Pretreatment Experiments. Intact cotton plants (22 days old) were treated with 250 mg/l of naphthalene acetic acid (about 3 ml/plant). After 0.5 hr the untreated control and the NAA treated plants were exposed to either air or 14 ,ul/l of ethylene as described in the reversibility section above. Following a 24-hr exposure period, auxin transport capacity was measured in sections cut from the basal end of the petiole of the third true leaf as described above.
RESULTS AND DISCUSSION Reversibility. Abscission induced by various chemical treatments (6, 14) , as well as ethylene-induced abscission in bean explants (16) Ethylene treatment, as previously reported (8) (9) (10) (11) 32) , severely inhibited auxin transport in the stems and petioles of cotton (Fig. 2, A and B, lower curves). Transport inhibition after 24 hr was significantly greater in the stems than in the petioles, when measured simultaneously in the same plants (70% for petioles versus 90% for stems). Not until the 3rd day did the degree of inhibition in the petioles equal that in the stems after 24 hr. A critical examination of the transport data revealed that these differences in tissue sensitivity to ethylene could not be attributed to differences in auxin uptake or destruction by the tissue sections during transport. Inherent differences in transport capacity also cannot account for these differences, since both transported similar proportions of the auxin taken up (Fig. 2, A and B, upper curves).
Transferring cotton plants to air after a 24-hr ethylene exposure period resulted in a gradual recovery of the auxin transport system (Fig. 2, A and B) . Initially the rate of recovery was more rapid in the petioles than in the stems, but the average rate of recovery in both was about 10% per day. Recovery was complete in the stems on the 5th day after transfer and in the petioles on the 3rd day. Since the average rate of recovery was approximately the same, this difference in time for total recovery was obviously related to the fact that transport was inhibited to a lesser degree in the petioles at the time of transfer. This difference may also account for the faster initial recovery in the petioles.
Approximately 35% of the third true leaves abscised at the end of 24 hr in ethylene (Fig. 2C) 14 pil/l of ethylene resulted in a progressive increase in abscission reaching 100% by the 4th day. Plants transferred to air following a 24-hr ethylene treatment period showed only a few per cent increase in abscission. Apparently, the separation layer was too far advanced in these plants for reversal of the abscission process to occur.
In general, the results for bean were similar to those for cotton with a significant amount of recovery occurring during the first 24 hr after transfer from ethylene to air (Fig. 3, A and B) . In contrast to cotton, complete recovery did not occur in either the stems or petioles following ethylene treatment nor was there a significant difference in the initial rate of recovery. The reason for the lack of total recovery in bean is not clear, but it is of interest to note that the extent of recovery was dependent on the length of ethylene treatment. The transport capacity of plants remaining in ethylene for 24 hr leveled off at a value considerably higher than that obtained by plants remaining in ethylene for 48 hr. Following ethylene treatment, the tissue responded as though it were physiologically older, suggesting that the natural decline in transport capacity with age may involve ethylene (11 and 27) .
In contrast to cotton, where 35% abscission occurred and auxin transport was inhibited 70% in the petioles after 24 hr in ethylene, no abscission occurred in bean, and auxin transport was inhibited less than 50% (Fig. 3C) . After 48 hr auxin transport inhibition had increased to 90%, and 50% of the leaves abscised with complete abscission occurring within the next 24 hr. Plants transferred to air after 24 hr in ethylene showed no abscission, whereas those transferred after 48 hr showed a slight increase in abscission.
The results presented in Figures 2 and 3 (11, 24) , as well as the close correlation between senescence and abscission (15, 24, 25) and the reported decline in auxin transport associated with senescence (11, 26, 35, 37) , these results also suggest that the same processes may also occur in natural leaf abscission. While admittedly the recovery of the longitudinal auxin transport system following ethylene treatment is relatively slow, as compared to that reported for lateral auxin transport (13) , it does recover. Therefore, it is not irreversibly inhibited as previously described (12) . The critical point in relation to abscission is that the system recovers. It is not necessary that complete or immediate recovery occur, since the critical level of auxin required at the abscission zone to prevent abscission, as well as the length of time that a subcritical level can persist before abscission is irreversibly induced, is not known. It would appear that whatever the critical level is, it is not the same for all leaves of even the same physiological age, since similar leaves on different plants abscise at different times (Figs. 2 and  3C) .
In view of the inhibitory effect of ethylene on auxin transport in the stems as well as the petioles, some caution should perhaps be taken in relating abscission data obtained by treating whole plants with ethylene to the natural abscission proc- ess. Previous work (24) with bean would indicate that the increased ethylene production associated with senescence and the onset of abscission occurs in the petiolar and pulvinar tissues of the proximal abscission zone and not the adjacent stem tissue. Therefore, in contrast to natural abscission, where differences in ethylene production can result in a greater reduction of auxin transport in the petiolar and pulvinar tissues than in the stem tissue, the application of ethylene to the entire plant results in somewhat of the reverse situation. In cotton, for example, auxin transport is inhibited in the stem to a greater degree than in the petiole following ethylene treatment (Fig. 2) . This may, in part, account for the fact that in 3-weekold cotton plants the young true leaves abscise well before the older leaves. Under the natural situation, a reduction of auxin transport only in the petiole would result in an auxin gradient being formed across the abscission zone. If this occurs, then it would necessitate the re-evaluation of the concept originally proposed by Addicott et al. (5) , that auxin gradients across the abscission zone may be important. Furthermore, this points out the need for applying ethylene in a manner which more closely approximates the natural situation. By applying ethylene to intact plants, one still has not overcome all the disadvantages inherent in using abscission explants.
Temperature Sensitivity. Ethylene-induced abscission, as previously reported (38) , is sensitive to temperature (Fig. 4A) .
During a 24-hr exposure period to 14 tul/l of ethylene, no abscission of the third true leaf occurred at 21.5 C or below. At 27 C approximately 10% abscission occurred, and at 31.5 C over 70% of the third true leaves abscised. If ethylene modification of auxin transport is involved in abscission, then this effect of ethylene should also be sensitive to temperature.
The effect of increasing temperatures on the inhibitory effect of ethylene on auxin transport is presented in Figure 4B . At 8 C ethylene had no effect on auxin transport during a 24-hr exposure period to 14 ul/l of ethylene. Increasing the temperature above 8 C resulted in a progressively greater reduction in auxin transport capacity. The magnitude of the response was considerably greater for both stems and petioles between 20 and 30 C than between 10 and 20 C (Stems: 29% between 10 and 20 C versus 47% between 20 and 30 C. Petioles: 25% versus 48% for same temperature intervals.)
The results presented in Figure 4 , A and B, are compatible with the idea that an ethylene modification of auxin transport is important in abscission. As the temperature was increased from 8 to 31.5 C during ethylene treatment, abscission was observed above 21.5 C where the maximum change in auxin transport inhibition also occurred. The fact that some transport inhibition occurred at temperatures where no abscission occurred is not inconsistent with the hypothesis in question. A reduction in transport capacity is possible without abscission as long as the inhibition does not excessively reduce the supply of auxin at the abscission zone. Furthermore, the duration of a given level of inhibition is important. The 35% inhibition obtained for petioles at 21.5 C (Fig. 4B) did not persist over the entire 24-hr ethylene exposure period. A lag period of 2 to 3 hr is required for transport inhibition to begin (8, 9) , after which time transport inhibition increases progressively and reaches a maximum for petioles well after 24 hr (Fig. 2B) . Therefore, on the average, the percentage of transport inhibition in those plants held at 21.5 C in ethylene was considerably less than 35%.
The extent of ethylene-mediated auxin transport inhibition at various temperatures does not appear to be simply a function of the amount of auxin transported by the plant. The influence of temperature on the capacity of stem and petiole sections to transport auxin is presented in Figure 4C . These sections were cut from the control plants used to obtain the data presented in Figure 4B . In contrast to the curve for ethylene inhibition of auxin transport (Fig. 4B) where the maximum change occurred between 21.5 and 27 C, the greatest change for transport capacity in response to temperature occurred between 16.5 and 21.5 C (Fig. 4C) . If the degree of transport inhibition were merely a reflection of how much auxin was being transported, then temperature should similarly affect auxin transport capacity and its reduction by ethylene. The greatest change occurs, however, between 21.5 and 27 C (Fig.  4B) , where transport capacity per se is affected by only a small amount (Fig. 4C) . Therefore, something other than simply the Auxin pretreatment as shown in Table I does reduce the effect of ethylene on auxin transport. Naphthalene acetic acid pretreatment had essentially no effect on auxin transport in plants placed in air. In those placed in ethylene, however, it severely reduced the effect of ethylene on auxin transport. In the control plants, transport was reduced 58% by ethylene treatment and over 30% abscission occurred, whereas in the naphthalene acetic acid-pretreated plants it was reduced only 18%, and no abscission occurred. Similar results with respect to auxin transport inhibition have been reported when excised sections are treated with auxin (11, 34) .
CONCLUSION
The idea that ethylene regulates abscission in part through its ability to inhibit auxin transport was strengthened by the present findings indicating that (a) ethylene-mediated auxin transport inhibition and abscission are both reversible processes, (b) both effects of ethylene exhibit a similar sensitivity to temperature, and (c) the effectiveness of ethylene in both processes is materially reduced by auxin pretreatment. This idea is further strengthened by the recent data (7, 31) on the synergistic action of synthetic auxin transport inhibitors with ethylene in abscission. Therefore, this auxin-ethylene interaction, as well as others indicating a possible effect of ethylene on auxin synthesis (36) and metabolism (17, 22, 30) , bears consideration in any explanation of the role of ethylene in abscission.
